Wind erosion of soil from exposed areas in mining sites is one of the sources for dust generation. Particle size distribution and mineralogical composition of source soil, erodible fraction of surface soil, moisture, as well as organic matter content are important factors that determine the property of particulate generation process. In this research four soil samples were taken using shovel at different depth from the edge of the pit and the surface area nearby the pit in Malmberget mine in Sweden. Soil samples were analyzed for density, particle size, mineralogical composition, organic matter content, and CaCO3 content. No calcite was detected by Qemscan and consequently, CaCO3 was assumed absent in the soil samples. Moisture contents in the surface samples were too little to prevent soil from wind erosion. All soil samples were mainly composed of albite, quartz, and K felspar. Miner minerals such as mineral 23 (bFe, bCa), as well as grossular, were more abundant within the surface samples while the reverse is true for ilment. It should be mentioned, however, that undersurface samples contained more particles of 100 μm in diameter compared to surface samples. Measured erodible fractions for surface samples were 35.9% and 43.39%. The erodible fraction was calculated for the soil of the studied area but the equations could not be applied because the calculated values were overestimated. The value of soil erodibility index was determined to be 19t/acre which was wind erosion group 7. Since wind erosion group 7 is not a highly intrinsic erodible soil group, the dust problem might also arise from disturbances of soil surface soils by trucks and other construction activities around the open pit.
INTRODUCTION
About fifth of the land of Europe had been eroded by wind [21] , and this corresponds to 42 million hectare of Europe which is seriously affected wind erosion [16] . Wind erosion of soil from exposed areas in mining sites are one of the sources for dust generation. Particle size distribution and mineralogical composition of source soil, erodible fraction (EF) of surface soil, moisture, as well as organic matter content are important factors that determine the property of particulate generation process. The size of particles implies how far and in which mode the particles will be transported by wind. Raupach [19] has reported that particles of 90 μm in diameter travel approximately 5km, particles of 10 μm in diameter travel 400km and 1μm particles travel more than 1000 km if initial wind conditions are strong enough to mix the dust through the entire depth of the convection boundary layer. Eroded particles move in three modes, namely creep, saltation, or suspension. Particles having a diameter of 1000 to 2000 μm roll along the ground, and this process is defined as creep. Saltating particles are in the size range of 100 to 1000 μm, and the suspended particles ranging from <1 to 100 μm are subject to long range transport [12] . Gillette and Walker [14] measured size distribution of soil-derived particulate from two locations near Plains, Yaokum County, Texas and reported that the size distribution of moving soil in the height 0-1.3cm, which was the height interval that most of the particulate transport takes please, resembled the size distribution of the fraction of parent soil with < 250 μm. It was probably due to greater momentum transfer required to move successively larger aggregates resist wind force [8] .
The amount of soil particles moved by wind depends on shear forces exerted by wind on a soil surface and susceptibility of the soil particles to wind erosion. When there is erodible fraction (EF) exists in surface soil, wind erosion takes place if the wind speed exceeds the threshold. Wind erosion equation which is used to estimate the amount of soil lost expressed in tons per acre per annum was first established by Woodruff and Siddoway [22] . The equation was expressed by E=f (I', C', K', L', V), where I' is soil and knoll erodibility, C' is local wind erosion climatic factor, K' is soil ridge roughness factor, L' is field length, and V is equivalent quantity of vegetative cover. Soil erodibility index I', as the most important wind erosion variable, is the potential soil loss in tons per acre per annum from a wide, unsheltered, isolated field with a bare, smooth, noncrusted surface [22] . This index is in turn directly related to the percentage of soil EF which is the portion smaller than 0.84 mm in diameter defined by Chepil [4] . Fryrea et. al. [11] also reported that particles larger than 0.8 mm were stable in winds of 5.8 m/s at a height of 0.3 m and were considered nonerodible.
EF is the proportion of particles < 0.84 mm in diameter in the upper 25.4 mm of soil [10] . The standard method for EF determination is dry sieving using the rotary sieve described by Chepil [7] . During sieving, it simulates the dislodging of aggregates by the impact of particles transported through wind. The rotary sieve have openings of 19.2mm, 6.4mm, 2.0mm, 0.84mm and 0.42 mm. EF is the percentage of the fraction passing through the opening of 0.84mm. Since the rotary sieve is not commercially available, several authors have recommended an alternative method to determine EF by flat sieve which is more readily available in laboratories for soil mechanics. In order to sieve the sample with a optimum time and amplitude by flat sieve, a series experiments testing different time and amplitude must be carried out with contrasting EF values until the a good separation of soil aggregates without clogging and breakdown are observed [17] . Lopez et. al. [17] Moisture content and organic matter prevent soil from wind erosion by increasing threshold friction velocity. Moisture in soil particles produce water film which creates cohesion force and organic matter binds particle into aggregates.
MATERIALS AND METHODS
Malmberg mine operated by Luossavaara-Kiirunavaara Aktiebolag (LKAB) is one of the most important iron mines in Sweden. It is located at Gällivare, 75km from Kiruna, and contains some 20 orebodies (figure 1). The mine covers a huge area spreading over approximately 5km from east to west and 2.5 km from north to south. Mining began in 1892, since then over 350Mt of ore had been extracted. In 2006, it produced around one third of LKAB's total production of 23.3MT of iron-ore products [18] . Surface open pit mining method was firstly used to reach and exploit ore minerals. A huge depression (figure 2) was abandoned, and large-scale sub-level caving became the predominant mining technology in Malmberget iron mine later. The movement of trucks from the industrial area to dump the debris into the pit enhanced dust generation. However due to some security reasons the filling of the pit was discontinued in March 2009. The dust problem is now mainly due to wind erosion of the exposed surface nearby the pit, to the tracks transporting on haul roads, to wind erosion of stockpiles, and other construction activities.
Figure 1 Location of Malmberget Mine, Sweden
Four soil samples were taken using shovel at different depth from the edge of the pit and the surface area nearby the pit. The sampling locations are shown in figure 2. Both surface soil and soil at about 1meter depth were sampled in order to see the differences in particle Figure 2 The open pit and sampling locations characteristics between exposed soil and deep soil. Soil sample Nr1 and Nr4 were taken from the pit's edge at about 1 meter depth. Soil sample Nr2 and Nr3 were surface soils between 0 to 30 mm. Sample Nr2 were taken from the edge of the pit, and sample Nr3 were from the exposed land nearby the pit. The weight of sample Nr1, Nr2, Nr3 and Nr4 were around 4.5, 8, 5, and 5 kg, respectively. The sampling was carried out by personnel from LKAB, and the samples were stored in plastic bags and transported to soil mechanics lab at Lulea University of Technology.
Soil samples were analyzed for density, particle size, mineralogical composition, organic matter content, and CaCO 3 content. CaCO 3 was, however, assumed to not exist in the soil samples because no calcite was detected by Qemscan when doing mineralogical composition analysis. The samples were weighed before and after oven drying at 105
• C for 24 hours to calculate moisture content, bulk density and dry density. Compact density was measured using multivplume pycnometer. The dried samples were split using spliter to 400 to 500 g for particle size analysis. Hand sizing separates particles size till 3.35 mm and then dry and wet sieving using machine by stacked sieves sized particle to 0.075mm in size. For samaller particles the size distribution were analyzed by laser diffraction. Mineral composition was analyzed using Qemscan. During the sample preparation for Qemscan analysis, small portions of the soil samples were mixed with graphite and mounted in resin allowing to cure in a 30 mm round blocks for one day. The cured blocks were then polished to a 1 μm diamond size and coated with carbon. Representative samples were obtained by splitting. In order to avoid uneven mixture of big particles with small ones, each of four samples were separated into to coarser grains larger than 0.075mm and finer grains smaller than 0.0075 mm and analyzed separately. One was for coarse grains with size larger than 0.075 mm and the second one was for fine fraction that is smaller than 0.075 mm. Organic matter were measured by burning materials under 550 degrees. EF values were calculated for surface sample Nr2 and Nr4. where EF is the erodible fraction (%), W<0.84 is the weight in gram of <0.84 mm aggregates, and TW is the initial weight in gram of total sample. EF values were also estimated by eq. (1) and (2) .
RESULTS AND DISCUSIONS
Four samples were hand sieved to the size 3.35 mm, the percentage of the fraction with particle size >3350 μm for Nr1, Nr2, Nr3 and Nr4 were 3.5%, 53.82%, 42.85% and 0 respectively. As soil Nr2 and Nr3 were from surface, while soil Nr1 and Nr2 were from somewhat deeper depth, one reason for this difference could be the wind erosion of surface soil resulted in the exposure of large fragments and roughened the surface. Figure 3 and figure  4 shows the particle size distribution for particles of the fraction between 3350 μm and 75μm and particles of the fraction < 75 μm respectively. For both of the fractions, the curve shows similarity between sample Nr1 and Nr4, as well as Nr2 and Nr3. This indicates the different characteristics of surface soils and deep soils. As can be seen from figure 3 soil Nr1 and Nr4 were abundant with particles in 100 μm. Soil Nr2 and Nr3 have, however, relatively lower percentage of 100 μm's particles. It might be due to the fact that wind erosion brought most of particles in 100 μm to transportation since this size needs the lowest wind speed to initiate particle movement. Figure 4 shows a depletion of particle closed to 100 μm in size due to wind erosion on surface soil Nr 2 and Nr 3. Soil Nr1 and Nr4 from figure 4 have a smooth changing in shadow areas. Table 1 shows measured density, moisture content and organic matter. The samples showed very little moisture content though the deeper ones contained slightly higher moisture. OC can be assumed to be zero since the samples were from the area without any vegetation covers. Figure 5 illustrates the mass percentage of mineralogical composition. All soil samples were mainly composed of albite, quartz, and K felspar. Surface samples Nr 2 and Nr 3 contained more of mineral 23 (bFe, bCa), as well as grossular, and less ilment compared to sample Nr1 and Nr4. Table 2 gives the sand, silt, and clay fractions for the samples Nr2 and Nr3, measured EF, as well as calculated EF. Both of the samples had very high sand to clay ratios and the measured EF were 35.9% and 43.39 % respectively. The calculated value for EF by equation (1) for both samples were overestimated greater than 50%, and the equation (2) even gave values over 100%. This means that both equations are not applicable to the surface soil from the open area close to the open pit in Malmberget mine. The reason might be due to the established equation (1) and (2) were based on samples taken from agricultural land which usually have more homogenous soil texture than the soil sample investigated in current research because of tillage which tended to produce uniform aggregates size distribution. Extremely high ratio of sand to clay showed in the samples for current research and thus disabled the equations to calculate the EF value. 
DISCUSSION
Soil movement is influenced by particle size because of the dependence of the threshold velocity on particle size. The results from Chepil [2] for threshold velocities of simple soil systems consisting beds of loose, monodisperse, and similar particles concluded that (figure 6) there is a minimum friction velocity that will produce motion in particles of about 100 μm in diameter. Both larger and smaller particles will need more friction velocity in order to initiate the motion. The large particles need more velocity due to larger weight, while for smaller ones not only is it due to cohesion forces between particles but also because of particles are too small to protrude into turbulence layer where the driving force is produced. This explains the pattern of the curves in figure 3 . But in reality, soil are rare to be monodispresed and erosion is often begin with a small quantity of loose particles of 100 μm following the release of smaller particles by impact of 100 μm particles rather than direct lift by wind. Moisture content also prevents soil motion by increasing threshold velocity. Chepil [3] produce zero erosion. The moisture content for the investigated soil Nr2 and Nr3 were very low and could be assumed to be zero and gave no prevention from wind erosion (table 3) . However the history of weather condition, such as raining, snow, frost and thawing have a complicated influence on soil particle structure. It is obvious that larger density will need higher frictional velocity to lift the particle. In this research the density of Nr2 and Nr3, which contained lot of heave metals due to previous mining activities, were relatively higher than that of Nr1and Nr4 which more resembled natural soil. Organic matter increase the threshold frictional velocity by binding particles into aggregates, but the value for the investigated sample were almost zero and have not effect on wind erosion.
Figure 6 Threshold drag velocity versus monodisperse particle size [2]
The effect of nonerodible particles is to increase threshold drag of soil movement by absorbing part of momentum exerted by wind on soil surfaces. In standard wind tunnel tests under the friction velocity of about 61cm/s which is a common measure of the winds capability to erode the soil, about 80% of non-erodible fraction(aggragates > 840μm) is needed for erosion to approach zero on bare unprotected surface [4] . Both of the surface sample showed non-erodible fraction lower than 80% (table 2) , and this means that wind erosion of surface soil was taking place and was the cause of dust production. Soil erodibility index I is a measure of intrinsic erodibility of bare soil. It is related to soil cloddiness and its value decreases with decreasing percentage of soil erodibile fractions [22] . Soil erosion index has been developed during 1954-56 by wind tunnel and field measurements for the vicinity of Garden City, Kans. [1, 5, 6, 8, and 9] . The value of soil erodibility index can be determined by sieving and using table 3. For sample Nr 2 and Nr 3, soil erodiblity were determined to be 17 t/acre and 21 t/acre which gave the average value of the area to be 19t/acre. In Shiyatyi's classification of soil erodibility [20] , soil is highly erodible with EF values >50%, moderately erodible with EF values between 40% and 50%, slight erodible with EF values < 40%. Since sample Nr2 was collected from the surface soil in the edge of the open pit, the sample was considered relatively coarse than sample Nr 3 which was from the non-edge surface area because some nonerodible aggregates inevidently left on the pit's edge during filling the pit by dropping filling materials. Thus the EF value was expected to be more reliable from sample Nr2 which is 40%. The surface soil close to the open pit from Malmberget mine in Sweden was in turn classified to be moderately to slightly erodible. The wind erodible group (WEG) was most closely to WEG 7 which has a surface soil texture of silt, noncalcareous silty clay loam with less Test errors can come from several aspects. The main errors were due to the sieving method and too few samples. Chepil [7] introduced the rotary sieve for standard method to measure EF. The common used sieves in soil mechanics' lab were used in this research instead of rotary sieve. There were only two surface sample (the location and sample numbers were decided by people from LKAB), and it was too few to represent the area. Since the equations for EF calculation were not applicable to current study area, the recommend next work is to take more samples and establish a new formula by doing regression analysis.
CONCLUSIONS
In this research four soil samples were taken using shovel at different depth from the edge of the pit and the surface area nearby the pit in Malmberget mine in Sweden. For all the samples, the particle size distribution curve showed similarity between sample Nr1 and Nr4, which were taken from somewhat deep soil, and sample Nr2 and Nr3, which were surface soils. Sample Nr 2 and Nr3 had relatively smaller fraction of 100 μm particles because this size needs lowest threshold friction velocity to initiate motion. The samples had very little moisture content and can not prevent soil from wind erosion. However, the weather history, such as raining, snowing, frosting and thawing, exerts complicated influence on soil texture. The measured EF for the area was around 40%, most closed to WEG 7 which is not so highly erodible group, and this leads to the conclusion that the dust problem around the open pit should be more attributed to the disturbances of soil surface soils by trucks and other construction activities around the open pit. Test errors can come from several aspects. There might be errors encountered and they are attributed probably to the small number of samples tested and also to the fact that EF calculation was not applicable to current study area. It is recommended that in the future next work more samples are tested to establish a new formula using regression analysis.
